Abstract Our knowledge and understanding of the P2 receptor signalling system in the kidney have increased significantly in the last ten years. The broad range of physiological roles proposed for this receptor system and the variety of P2 receptor subtypes found in the kidney suggest that any disturbance of function may contribute to several pathological processes. So far, most reports of a possible pathophysiological role for this system in the kidney have focussed on polycystic kidney disease, where abnormal P2 receptor signalling might be involved in cyst expansion and disease progression, and on the P2X 7 receptor, a unique P2X subtype, which when activated enhances inflammatory cytokine release and production, and also cell death. Expression of this particular receptor is upregulated in some forms of chronic renal injury and inflammatory diseases. Further studies of adenosine triphosphate signalling and P2 receptor expression in renal disorders could provide us with novel insights into the role of these receptors in both normal and abnormal kidney function.
Introduction
Extracellular adenosine triphosphate (ATP) and its metabolites (ADP, AMP and adenosine) are now considered essential autocrine and paracrine modulators of renal cell function. As indicated elsewhere in this Special Issue, roles as diverse as alteration of renal blood flow and glomerular filtration rate, control of renin release, and regulation of renal tubular transport have all been proposed. As might be expected, receptors for ATP (ionotropic P2X or metabotropic P2Y receptors) have a wide and varying pattern of expression in the kidney, including glomerular cells, renal tubular cells (at both the apical and basolateral membranes), renal vascular (endothelial and smooth muscle) cells, and interstitial cells [1] [2] [3] [4] [5] (and see articles by Inscho [6] and Bailey and Shirley [7] in this Special Issue). Virtually every cell expresses at least one subtype of P2 receptor. ATP can be released from almost every cell in the kidney and is found in tubular fluid and the final urine [8] [9] [10] . The intraluminal concentration of ATP in the proximal tubule is around 200 nM, which is within the physiological range for P2 receptor activation [9] , although concentrations of ATP at the cell surface, and therefore adjacent to any P2 receptor, may be even higher. Consequently, the tubular lumen is a microenvironment in which P2 receptor signalling can occur, and one which is also under the control of several nucleotidases expressed at cell surfaces and secreted into tubular fluid [11, 12] (and see article by Shirley et al. [13] in this Special Issue). The discovery of the pyrimidine-favouring P2Y receptors raises the possibility that uracil nucleotides can also function as signalling molecules.
It is likely that controlled signalling involves a dynamic interrelationship between nucleotide release, receptor activation and nucleotide breakdown. There is also evidence to suggest that this delicate balance can be disturbed, for example, when the renal tubule becomes an enclosed cyst. This has been a focus of interest of several laboratories, including our own [10, [14] [15] [16] [17] [18] . We have also been interested in the P2X 7 receptor, which is not normally expressed by healthy kidney tissue, though it is highly expressed at sites of tissue damage and inflammation, when ATP is released from injured and dying cells [5, 14, 19] .
Polycystic kidney disease
Polycystic kidney disease (PKD) is associated with abnormal and unregulated proliferation of the normally quiescent tubular cells of the adult nephron. This leads to progressive distension and dilatation of tubules, which eventually become encapsulated fluid-filled cysts that compress and destroy neighbouring tissue. Inside a cyst the fluid is trapped, creating an enclosed microenvironment containing secreted ATP able to act on the surface P2 receptors expressed by the lining cells. The concept that ATP is present in cyst fluid at elevated concentrations has been proposed previously [10] . In both cultured cyst cells harvested from autosomal dominant polycystic kidney disease (ADPKD) patients and from cpk/cpk mouse collecting duct monolayers, ATP release is enhanced predominantly from the apical surface [10, 16] . Also, ATP degradation by ectoATPases in ADPKD cells occurs at a much slower rate than in normal renal tissue [16] . We have shown, using a three-dimensional (3D) cell culture system in which Madin Darby canine kidney (MDCK) cells grow as rounded cysts, that ATP, acting via mainly P2Y receptor stimulation, drives cyst growth and expansion. In this in vitro system, the use of mainly non-subtype-specific P2Y receptor antagonists, and the ATP scavenger apyrase, markedly reduced the growth of MDCK microcysts. Furthermore, inhibition of the extracellular signal related kinase (ERK) pathway also significantly reduced cyst growth [18] . The ERK pathway can be activated by both P2X and P2Y receptors [20] [21] [22] , and it is already well established that P2 receptor ligands can stimulate renal cell proliferation by activating mitogenic intracellular signalling pathways and/or growth factors [23] [24] [25] [26] [27] [28] .
When the released ATP and other P2 receptor ligands are enclosed within the cyst lumen, the relationship between autocrine and paracrine P2 receptor signalling and activation of mitogenic intracellular signalling pathways becomes critically important in abnormal cellular proliferation and, consequently, cyst growth and expansion. Indeed, we and others have shown expression of P2 receptors at, or near, the lining of renal cysts in rodent models of polycystic kidney disease and in ADPKD cell monolayers [16, 17, 29] . In fact, P2Y 2 , P2Y 6 and P2X 7 receptor expression was increased in the Han:SPRD cy rat model of ADPKD [17] , and expression of P2X 7 receptor messenger RNA (mRNA) and protein was also detected in the cystic epithelium of the cpk/cpk mouse model of autosomal recessive PKD [29] . Surprisingly, activation of the P2X 7 receptor in a 3D suspension model of cpk/cpk cell cysts reduced the number of cysts formed, suggesting another function for this receptor, perhaps in cell turnover and tissue remodelling [14] .
In addition to abnormal cellular proliferation, cyst cells exhibit altered polarity of transport proteins and receptors and abnormal secretion of fluid and electrolytes. This is in contrast to the normal vectorial transport of fluid along the nephron, when most of the glomerular filtrate is reabsorbed. However, in secretory epithelia, such as the airway epithelium, net fluid secretion depends on transepithelial cyclic adenosine monophosphate (cAMP)-stimulated Cl CFTR (see Fig. 1 ). Modification of P2Y receptor signalling is an attractive prospect in the treatment of PKD.
However, the participation of P2X receptors in cyst pathophysiology should not be discounted, since they may also contribute to movement of fluid and electrolytes across epithelia. P2X receptors are themselves ion channels and can mediate rapid flux of Na + , Ca 2+ and K + ions, and they can also regulate several other ion channels [49] . In renal epithelium, nucleotides have been shown to inhibit Na + reabsorption in M1 cells and in rat collecting duct, to inhibit Mg 2+ reabsorption in a mouse distal tubule cell line and to inhibit the small conductance K + channel in mouse cortical collecting ducts (see article by Bailey and Shirley [7] in this Special Issue). Reduced ion transport from lumen to blood could enhance osmotically driven fluid accumulation into cysts.
In summary, abundant evidence now exists to suggest that P2 receptor signalling may be detrimental in causing growth of renal cysts by increases in cellular proliferation and fluid secretion ( Fig. 1) . Any secretagogue or mitogen, such as ATP, released into an encapsulated cyst could establish a vicious autocrine/paracrine cycle of fluid accumulation, cellular growth and proliferation and cyst enlargement. Nevertheless, more studies are needed before the P2 receptor signalling system can be considered as a suitable target for therapeutic intervention. Manipulation of ecto-ATPases to reduce the effects of ATP is also another potential target.
Renal inflammation and fibrosis
ATP is known to be involved in the inflammatory process via histamine release [50] and cytokine production and release from immune cells [51] [52] [53] [54] . The P2X 7 receptor plays a central role in the latter process: its activation has broad pro-inflammatory effects, suggesting involvement in a wide variety of disease states, which is strongly supported by evidence that mice lacking P2X 7 are resistant to experimentally induced inflammatory arthritis [55, 56] . Despite this, the role of P2X 7 in other diseases, including those with kidney involvement, is still unclear. Factors that have contributed to this dearth of information on the expression pattern of P2X 7 include a lack of specific agonists/antagonists, as well as scepticism that levels of ATP high enough (EC 50 ≈300 μM) to stimulate the receptor are encountered in vivo, especially given the rapid rate of degradation of extracellular ATP. Surprisingly, the availability of mice deficient in P2X 7 has, in some ways, increased the level of confusion. In particular, despite many studies indicating a neuronal function for P2X 7 receptor subtypes likely to be present in these cyst-lining epithelial cells, an amplifying loop of autocrine signalling could occur that promotes osmotically driven fluid accumulation and cellular proliferation. b Exploded view of the apical cell membrane lining a hypothetical renal cyst. G-protein-coupled P2Y receptor activation triggers release of Ca 2+ from the endoplasmic reticulum or production of cAMP via adenylyl cyclase (AC) and subsequent activation of calcium-sensitive chloride channels (CaCC) or CFTR, respectively. The facilitated transcellular transport of Cl − creates a solute gradient that promotes the osmotic flow of water into the cyst lumen. The increase in [Ca 2+ ] i and cAMP can modulate the ERK pathway and consequently cellular proliferation protein in gene-targeted mice [59] , these studies have cast doubt on the specificity of the antibodies used to detect P2X 7 . Despite this, it is still possible that the protein detected by anti-P2X 7 antibodies in neuronal tissue of genetargeted mice is a splice variant of P2X 7 [60] that is capable of retaining significant 'normal' function [61] .
In general, it is accepted that P2X 7 is constitutively expressed on the majority of cells of the immune system, and several studies indicate expression on other cell types too, including endothelium, although its function in these non-immune tissues is still unclear. In non-immune cells, inflammatory mediators may upregulate expression of P2X 7 , for example, TNFα stimulates glomerular mesangial expression of P2X 7 receptor mRNA [23] . Indeed, perhaps as important as its constitutive expression pattern is the evidence for altered distribution of P2X 7 in diseased tissue. Despite its virtual absence from healthy kidneys, upregulated P2X 7 receptor expression has been detected in the glomeruli of three different rodent models of renal disease and in lupus nephritis in humans. In streptozotocin-induced diabetic rats, increased P2X 7 receptor expression was colocalised mainly in glomerular podocytes, and to some extent in mesangial cells and endothelial cells [19] . Glomerular expression of P2X 7 was also reported in transgenic rats with renin-dependent and severe hypertension; increased expression of P2X 7 receptor was also detected in mouse and rat models of anti-glomerular basement antibody-mediated glomerulonephritis in intrinsic glomerular cells and infiltrating macrophages [19, 62] . In rat glomerulonephritis, increased P2X 7 mRNA expression coincided with elevated IL-1β mRNA and with the onset of glomerular damage in this model [62] . It is, therefore, the activity of P2X 7 in tissue in pathological conditions that may be of greatest interest and value in beginning to understand its function. In a study of ureteric obstruction, TGFβ expression, macrophage infiltration and tubular apoptosis were all decreased in P2X 7 knockout mice [63] . Further investigations with selective P2X 7 receptor antagonists and/or in knockout mice should provide more direct evidence of an important role for this receptor in kidney disease.
Given the usually low levels of extracellular ATP, activation of P2X 7 is not favoured under normal conditions. This appears to be true, even though the level of nucleotide in the pericellular environment is difficult to measure or estimate reliably, and it may be considerably higher near the receptor itself. However, while some ATP can be released by normal renal epithelial cells (though by still poorly understood pathways) [8] , its concentration is likely to increase markedly, if only transiently, in disease states, because of leakage from damaged or necrotic cells, and release from nucleotide-rich granules in platelets recruited to the initial site of any injury and damage [64, 65] . Indeed, once activated, P2X 7 -stimulated cells themselves may become a significant and self-activating source of ATP, as not only can concentrations released at the cell surface of living cells reach 100-200 µM [17] , but prolonged stimulation leads to cytolysis [66] and uncontrolled release of ATP from dying cells, which could reach millimolar concentrations. Moreover, the effective ATP concentration at sites of tissue damage may also be raised by a reduced rate of breakdown of ATP by the ectonucleotidase CD39, which exhibits decreased activity in inflammation [67] . Importantly, not only is the level of its agonist relatively high at sites of tissue damage, there is also evidence that the activity of the P2X 7 receptor itself is increased under pathological conditions. This appears to reflect a broader tissue distribution (see above) and an increase in protein expression under the influence of inflammatory cytokines or bacterial products [68, 69] , and, perhaps more surprisingly, a decrease in activation threshold of the receptor in conditions of hypoxia [70] [71] [72] . Taken together, the data suggest that activation of P2X 7 in disease states is likely to occur more readily than might have been predicted from studies done under more conventional in vitro conditions.
The current literature provides increasing evidence for an association between P2X 7 receptor activation, macrophage chemotaxis and glomerular inflammation (Fig. 2) . This may be a mechanism for deleting damaged cells, remodelling of extracellular matrix and eventual tissue repair. Currently, its potential role is perhaps best indicated by its association with known downstream activities of receptor activation in renal disease. Work is currently under way to determine a functional link with the P2X 7 receptor in experimental glomerulonephritis and diabetes mellitus by using P2X 7 knockout mice.
Discovery of a naturally occurring ligand for the P2X 7 receptor, LL37 [73] , may provide more clues as to the function and role of the P2X 7 receptor in kidney and other organs. LL37 is a potent antimicrobial peptide produced predominantly by neutrophils and epithelial cells. It protects epithelia in the airway and urinary tract against bacterial colonisation. It has been shown to activate the P2X 7 receptor at much lower concentrations than ATP, and it promotes IL-1β processing and release without causing cytotoxicity [73] . Understanding how P2X 7 receptor activity is regulated may provide a new means of modulating the inflammatory response.
Other considerations
There are recent reports of several P2X 7 receptor polymorphisms with various allele frequencies in the population that confer either loss or reduced P2X 7 receptor function. Initial reports indicate increased susceptibility to tuberculosis infection due to impaired ATP-induced mycobacterial killing [74] . This field is only just beginning to be examined in detail; it has important implications for the pathogenesis of renal disease, and it could be relevant to chronic inflammatory disorders such as glomerulonephritis. Moreover, the P2X 7 receptor has also been proposed as a candidate gene for susceptibility to systemic lupus erythematosus (SLE), which is based on its properties as an inflammatory mediator and its genetic location within an identified SLE susceptibility locus [75] . SLE is a multisystem autoimmune disease that can include an immune complexmediated form of glomerulonephritis.
Consideration should also be given to other, as yet unidentified, polymorphisms in P2 receptor subtypes that might alter its function. The physiological role of P2 receptors in the kidney raises the possibility that any genetic variability that affects function could serve as a disease modifier. For example, a recently identified polymorphism in the P2Y 2 gene appears to alter intracellular Ca 2+ release and Cl − secretion, which might be relevant to the rate of progression of PKD [76] . More recently, both the P2Y 1 and P2Y 12 subtypes have been implicated in chronic renal disease. In a model of passive nephrotoxic nephritis, P2Y 1 gene-deficient mice had better long-term survival and less chronic injury than wild-type mice. Loss of the P2Y 1 receptor appeared to have a protective effect by safeguarding against capillary loss, fibrosis and renal failure, and preserving renal function, although the mechanisms for this are still unclear [77] . Inhibition of the P2Y 12 receptor with clopidogrel in a rat model of angiotensin II-induced hypertension reduced cellular proliferation and macrophage infiltration and lessened tissue injury [78] . This suggests that the P2Y 12 receptor could be involved in the cascade of events that lead to vascular and glomerular injury in this form of hypertension. Another newly emerging area of potential interest concerns P2 receptor signalling in epithelial cell cancer. At present, studies have focussed on basal and squamous cell tumours, intestinal cell carcinomas, colorectal, prostate and bladder cancers. However, the role that P2 receptors might play is not yet very well defined, since P2X and P2Y receptors have been reported to have both proliferative and apoptotic effects [79] [80] [81] . Generally, P2Y 1 and P2Y 2 receptors mediate proliferation or anti-proliferation, P2X 5 receptors mediate differentiation and P2X 7 receptors mediate apoptotic, necrotic or 'aponecrotic' cell death [80, 82, 83] . These effects may be relevant to renal cell cancer, given the large representation of P2 receptors in renal epithelial cells. Targeting these receptors may also be a means of characterising and eventually treating these forms of cancer.
Conclusion
Clearly, much work still needs to be done, and more functional studies are required to establish the role of P2 receptor signalling in renal disease, before this system can be considered to be a useful therapeutic target. ATP complexed with MgCl 2 has long been used as an effective treatment for protecting kidneys against ischaemic damage. The results of phase II trials for a P2X 7 antagonist in the treatment of rheumatoid arthritis and chronic obstructive pulmonary disease are awaited with great interest. If successful, these trials would indicate the potential use of P2X 7 inhibitors in a range of inflammatory diseases, including those affecting the kidney. Indeed, several major pharmaceutical companies consider this receptor system of such potential importance in health and disease that they are making a significant effort to develop selective and safe P2 receptor agonists and antagonists, which will also help us in defining their function. 
